Abstract-Comparatively little is known about heavy metal levels in reptiles, particularly for lizards. Yet lizards often are common predators that could serve as bioindicators of contamination on a small spatial scale. This study examined the differences in metal concentrations of adult brown anoles (Anolis sagrei) for arsenic, cadmium, chromium, lead, manganese, mercury, and selenium in six locations in southern Florida, USA, from Lake Okeechobee (Pahokee) south to Key West. We predicted that levels of contaminants would be higher in the industrialized ports (Port Everglades, Port of Miami) and at a landfill (in Key West) compared to a campground, tropical garden, and marine laboratory. Males were significantly larger than females, as expected. Although there were significant locational differences in metal concentrations, they did not fit a consistent pattern, either among sites or between reference and study sites. However, the lowest levels were generally found at Everglades Marina and Campground (except for selenium) and at Fairchild Tropical Garden (except for manganese). For females, size was significantly correlated with cadmium, lead, and mercury levels, while for males, there were significant correlations between length and arsenic, chromium, and manganese concentrations. Where there were gender differences in metal levels, females had significantly higher levels than males even though they were smaller. We attribute these gender differences to differences in diet due to microhabitat differences in foraging locations. Females spend more time feeding near the ground and males spend more time feeding on tree trunks and branches where they consume more flying insects. This is the first study that examines concentrations of metals in lizards in the United States, and suggests that nonnative lizards may be useful in toxicological studies.
INTRODUCTION
Increasingly, governmental agencies, conservation organizations, and the general public are interested in assessing the health of a wide range of ecosystems. Considerable attention has been devoted to aquatic ecosystems where transport of contaminants can occur relatively rapidly, leading to uptake and accumulation in higher trophic levels. Trophic-level studies often involve examining food chains that end in fish-eating species [1] . Less study has been devoted to the movement of chemicals through terrestrial food chains, except for top-level predators, such as raptors [2] . Although the movement of chemicals may be slower in terrestrial systems, fate and effects should be similar. In terrestrial systems, contaminants enter the food chain mainly through direct consumption of water or biota, as well as from atmospheric deposition on their body surface, which is then absorbed or inadvertently consumed while grooming. In many terrestrial and aquatic ecosystems, reptiles are important constituents that comprise a large percentage of the biomass and often are predators at the top of their trophic chains. There is relatively little known about contaminants in reptiles, and relatively few data on lizards [3, 4] . Partly this is due to a lack of economic importance, and to their lack of a direct role in a pathway that leads to humans [5] . However, lizards may be useful as bioindicators because they are often predators and have a relatively restrictive mobility [6] , making them good indicators of local exposure.
In this paper we examined the levels of arsenic, cadmium, chromium, lead, manganese, mercury, and selenium in adult brown anoles (Anolis sagrei) from six locations in southern Florida, from Lake Okeechobee (Pahokee) south to Key West. We tested the hypotheses that metal levels were not related to lizard size, there were no gender differences in metal levels, and there were no locational differences in metal levels. Based on the literature, we expected males to be larger than females. As has been found in other studies with fish, alligators, birds, and mammals, we expected that there would be locational [7] and size-related differences [8, 9] , with larger animals having higher levels of metals.
We were particularly interested in examining levels of metals in lizards from southern Florida because of the relatively high levels of mercury found in some Everglades ecosystems ( [10] , http://www.sfwmd.gov/). South Florida, particularly the east coast, is highly industrialized and urbanized, providing the potential for local and regional deposition of contaminants ( [11] , http://www.sfwmd.gov/). Global transport, both locally and globally, is an important source of contaminants to both aquatic and terrestrial ecosystems [12] .
Brown anoles were examined because they are the most abundant vertebrate in Florida [13] , are found in a number of different ecosystems, have similar foraging behavior to other lizards, and are nonnative. Because brown anoles are nonnative, collection permits are not required, making it possible to collect them easily. These characteristics make brown anoles potentially ideal bioindicators. The brown anole, a native of Cuba and the Bahamas [14] , was introduced to at least six different locations in South Florida in the 1940s [15] . Since then, it has spread throughout peninsular Florida and into southern Georgia, Louisiana, and Texas (USA) [16] . Using introduced, nonnative species as surrogates for native species is particularly useful because such species often represent the same trophic levels, and collecting them does not imperil native populations. Such introduced reptiles are potentially a valuable resource for ecotoxicological studies [17] .
MATERIALS AND METHODS
Lizards were collected from six locations in southern Florida (Fig. 1, Table 1 ). We initially defined three sites as polluted sites because of their proximity to heavy industrialization and port activity, and the other three as reference sites where we expected contamination to be less severe. Adult brown anoles were collected with a noose in September and October 2001. This was the best time to collect them because brown anoles hatch during summer months, live only 12 to 18 months, and should be at their maximum size and age in these months [13, 18] . In South Florida, female and male brown anoles are considered sexually mature adults when they reach snout-vent lengths (SVL) of 34 mm and 39 mm, respectively [18] . Thus, we only collected females at least 35 mm and males at least 40 mm in SVL. From each site we collected twelve each of males and females, euthanized them per an approved animal care and use protocol (University of Tennessee ACUC 1155, Knoxville, TN, USA), froze them, and shipped them to the Environmental and Occupational Health Sciences Institute at Rutgers (Piscataway, NJ, USA) for analysis.
At the Environmental and Occupational Health Sciences Institute, tissues were digested in ultrex ultrapure nitric acid in a microwave (MD 2000 CEM), using a digestion protocol of three stages of 10 min each under 50, 100, and 150 Lb per square inch (3.5, 7.0, and 10.6 kg/cm 2 ) at ϫ70 power. Digested samples were subsequently diluted in deionized water. Whole lizards, minus stomach contents, were analyzed for metals. Mercury was analyzed by cold vapor technique, and all other metals were analyzed by graphite furnace atomic absorption, including arsenic, cadmium, chromium, lead, manganese, and J. Burger et al. selenium. All concentrations in tissues are expressed in parts per billion (nl/L, ng/g on wet wt). Detection limits were 0.2 nl/L for arsenic, 0.1 nl/L for cadmium, 1.0 nl/L for chromium, 2.0 nl/L for lead, 1.0 nl/L for manganese, 2.0 nl/L for mercury, and 0.5 nl/L for selenium. All specimens were run in batches that included blanks, a standard calibration curve, and spiked specimens. The accepted recoveries for spikes ranged from 85% to 105% (batches with recoveries less than 85% were rerun). The coefficient of variation on replicate samples ranged from 4 to 7%. Further quality control included periodic blind analysis of an aliquot from a large sample of known concentration, and blind runs of duplicate samples during the analysis for each metal (acceptable criterion ϭ ϩ 15%).
Data were analyzed using JMP software [19] . All data were log transformed to meet the assumptions of multiple analysis of variance (MANOVA) and analysis of variance. First, multiple regression procedures yielding Pearson productmoment correlation coefficients were used to reveal any significant correlations (p ϭ 0.05) between size of the lizards and metal concentrations (hypothesis 1). To account for the potential confounding of size by location, lizard sizes were first compared across location by casting SVL data into a two-way MANOVA using gender, location, and their interaction as factors (p ϭ 0.05). Significant effects and interactions were further explored with one-way analysis of variances and Tukey-Kramer multiple comparisons tests (p ϭ 0.05). Small sample size precluded analysis of size relationships of metals levels by each location.
To determine the effects of gender and location on mean metal concentrations (hypotheses 2 and 3), data were first cast into a two-way MANOVA using gender, location, and their interaction as factors (p ϭ 0.05). Significant effects and interactions were further explored with one-way analysis of variances and Tukey-Kramer multiple comparisons tests (p ϭ 0.05).
RESULTS

Relationships between size and metal levels
As expected for this sexually dimorphic species, male brown anoles were significantly larger than females ( Table 2) . Lengths of male lizards were not significantly different between locations, but there were significant differences for females (Table 2) . Females from Keys Marine Lab were significantly larger than those from Fairchild Tropical Garden, Everglades Marina and Campground, and Key West Landfill (USA). Thus, females from Keys Marine Lab were the largest and those from Key West Landfill were the smallest. The size of female lizards was significantly correlated with cadmium, lead, and mercury concentrations (Table 3) . For male brown anoles, size was significantly correlated with arsenic, chromium, and manganese levels (Table 3 ). This indicates bioaccumulation with age for these lizards.
Gender and locational differences in metal levels
The MANOVA indicated that gender (F ϭ 15.97, df ϭ 6,127, p Ͻ 0.0001), location (F ϭ 18.59, df ϭ 30,655, p Ͻ 0.0001), and the gender·location interaction (F ϭ 3.43, df ϭ 30,655, p Ͻ 0.0001) were significant effects. Metal levels (summed across locations) for brown anoles collected in South Florida are shown in Table 4 by gender. Overall, females had significantly higher levels of cadmium, chromium, manganese, mercury, and selenium than males. There were significant gen- (Tables 5 and 6 ). Although there were significant locational differences in metal concentrations, they did not fit a consistent pattern, either among sites or between reference and study sites (Tables 5  and 6 ). However, the lowest levels were generally found at Everglades Marina and Campground (except for selenium) and at Fairchild Tropical Garden (except for manganese). Because of the combined effects of location and gender, each metal is summarized below by gender.
Arsenic. Arsenic was significantly higher in females from Port of Miami and Keys Marine Lab compared to those from Port Everglades (Table 5 ). For males, levels were significantly higher from Key West Landfill and Keys Marine Lab than from Port Everglades (Table 5) .
Cadmium. Cadmium levels were significantly lower in both males and females from Everglades Marina and Campground than all other sites (Tables 5), and males from Fairchild Tropical Garden had the second lowest levels. Cadmium levels in females from Keys Marine Lab were the highest (Table 5) .
Chromium. Chromium levels were significantly lower in females from Everglades Marina and Campground compared to all other sites (except Fairchild Tropical Garden) (Table 5) , but for males, they were significantly lower in those from Port Everglades than all other sites (Table 5) .
Lead. Lead levels were significantly lower in lizards from Everglades Marina and Campground than from all other sites (except Fairchild Tropical Garden for males), and those from Fairchild Tropical Garden were second lowest and differed significantly from all other sites except Port Everglades (Tables  5) . Concentrations of lead in females from Keys Marine Lab, Port of Miami, and Key West Landfill were significantly higher than those in females from other sites (Table 5) .
Manganese. Manganese levels were significantly higher in both males and females from Fairchild Tropical Garden than from any other site (except Port of Miami for females) ( Table  6) .
Mercury. Mercury levels in females from Keys Marine Lab were the highest, and were significantly higher than those from Fairchild Tropical Garden and Key West Landfill (Table 6 ). (Table 6) . Selenium. Selenium levels were highest in lizards from Everglades Marina and Campground for both males and females, compared to all other sites (Table 6 ).
DISCUSSION
Size differences in metal levels
Levels of different metals were significantly correlated with size for each gender (cadmium, lead, and mercury for females; arsenic, chromium, and manganese for males, Table 3 ). The fact that cadmium and mercury concentrations significantly increased with size in female brown anoles may have contributed to the high cadmium and mercury levels found in females from Keys Marine Lab, because females from Keys Marine Lab were the largest compared to those from all other sites. In addition, the correlation between mercury concentration and size in female brown anoles was highly significant, but not significant for males (Table 3) . Mercury contamination is one of the most serious environmental threats facing the southeastern United States [20] , particularly in the Florida Everglades [21] . Because Keys Marine Lab is part of the Everglades ecosystem, it may be contaminated by mercury as well, and it is accumulating in female brown anoles. Mercury levels increase with increasing size in some populations of American alligators (Alligator mississippiensis) in the southeastern United States, but not in others [7, [22] [23] [24] . The relationship of lizard size and metal concentrations has been investigated in a few studies of metal levels in other lizard species. Cadmium, copper, and lead concentrations in tissues of juvenile and adult common viviparous lizards (Lacerta vivipara) collected from three sites in England were not significantly different [25] . Similar to female brown anoles in the present study, lead and cadmium concentrations increased with total length in common wall lizards (Podarcis muralis) in the city of Saarbrücken, Germany [26, 27] . In Porto Alegre, Brazil [28] , tissue concentrations of lead, but not cadmium, increased with size of Amerafrican house geckos (Hemdactylus mabouia).
Gender differences in metal levels
Gender differences in metal levels were an overwhelming effect in this study. The higher metal levels found in female brown anoles, as compared to males is not consistent with most of the studies that have investigated gender differences in other species of lizards. However, cadmium and lead concentrations were higher in male sand lizards (Lacerta agilis), common viviparous lizards, and common wall lizards obtained from the city of Saarbrücken, Germany than in females of the same size [26, 27] . Levels of cadmium, copper, and zinc in whole bodies (minus stomach contents) of Amerafrican house geckos did not vary with sex in a study conducted in Porte Alegre, Brazil [28] . Concentrations of 14 metals did not show gender differences in carcasses and livers of starred agamas (Laudakia [Agama] stellio stellio) from northern Greece [5] .
Because all the females and males in this study were adults, similar in age, and found in close sympatry, we believe that differences in metal concentrations may have been due to differences in their diets resulting from different microhabitat preferences [13] . Brown anoles are trunk-ground ecomorphs [14, 29] , and compared to the native green anole (Anolis carolinensis), a trunk-crown ecomorph, they spend more time near the ground and consume relatively more ground-based prey [13] . Within brown anoles, females spend more time near the ground surface than do males [30, 31] and consume larger volumes of ground-based arthropods such as spiders, earwigs, ants, and marine isopods [13, 28] . Conversely, males spend more time on the trunks and branches of trees and shrubs [30, 31] and consume slightly more plant-based arthropods, such as planthoppers and flying insects [13, 29] . An alternative explanation for gender differences lies in the potential for differential metal accumulation due to gender-specific differences in physiology. Hopkins et al. [32] found differential accumulation from banded water snakes (Nerodia fasciata) exposed to coal ash.
Locational differences in metal levels
Before initiating the study, we selected three sites we believed were contaminated as a result of human activities, and three that could serve as reference sites. Generally, lizards from Everglades Marina and Campground (except for selenium) and Fairchild Tropical Garden (except for manganese) contained low levels of metals as compared to the other sites, indicating that both locations were suitable reference sites. However, brown anoles from Keys Marine Lab had the highest levels of mercury and cadmium and the next highest levels of arsenic of all the sites. Thus, Keys Marine Lab was not a suitable reference site. Because Keys Marine Lab is on Florida Bay, the mercury contamination found in the Florida Everglades may also occur there, as well as the Port of Miami. Another possibility could be that the chemicals being used during the nightly mosquito spraying that is done by vehicle along U.S. Highway 1 adjacent to Keys Marine Lab may contain mercury. These data indicate the importance of such comparative studies that can identify polluted areas not previously known. Lead concentrations in lizards from Port Everglades were significantly lower than those in lizards from the Port of Miami. Lead values in lizards from Keys Marine Lab were similar to those from the other study sites. This was not surprising because the lab is located right along U.S. Highway 1, the main road through the Keys, and fuel spills associated with boats could have occurred here. Old boats, which could have leaked fuel, are also lying around the lab.
Comparison of metal levels with other lizards
Only a few studies have compared metal concentrations in lizards collected from different sites within one geographic area, and none of these were conducted in North America [3, 4] . This study is the first investigation of its type that has been conducted in the United States.
To clarify the relationship between trace element concentrations and coloration variability, Crimean lizards (Podarcis [Lacerta] taurica) were collected from the southern slopes of the Crimean Mountains, Ukraine, and whole bodies were analyzed for copper, manganese, and nickel levels [33] . Males with darker sides contained four times more nickel than females, suggesting that nickel was responsible for the dark background coloration. Kaur [34] analyzed lead concentrations in scales of common wall lizards from rural and urban areas of Punjab, India, and found higher levels near busy roads. Mercury was not detected (Ͻ 80 ppb, wet wt) in whole bodies of Puerto Rican ameivas (Ameiva exsul) in an investigation of mercury levels in animals from different trophic levels in three estuaries in Puerto Rico [35] .
Avery et al. [25] determined the cadmium, copper, lead, and zinc concentrations in whole bodies, femurs, lungs, livers, and kidneys of common viviparous lizards collected from three sites in England. Unlike the present study, concentrations of lead, zinc, and copper in lizards from beside the busy road were no higher than in those from the little-used road. However, lead levels were higher in lizards from the mining site. Schmidt [36] analyzed whole-body (minus stomach contents) levels of cadmium, lead, and zinc in Amerafrican house geckos from nine sites throughout Porto Alegre, Brazil. Lead concentrations were related to traffic levels; the higher the traffic, the higher the lead concentration. In the current study, lead concentrations were also highest in lizards most closely associated with roads (i.e., Keys Marine Lab, Port Everglades, Port of Miami, Key West Landfill). Loumbourdis [5] determined the aluminum, barium, cadmium, cesium, chromium, cobalt, copper, lead, manganese, molybdenum, nickel, rubidium, strontium, and zinc concentrations in carcasses (minus liver and digestive tract) and livers of starred agamas from two sites in northern Greece. Metal concentrations were highest in lizards from the low-altitude, agricultural area, compared to the higher-altitude city area. It is possible that a high percentage of the pollutants accumulate at lower altitudes due to the direction of the prevailing winds; another explanation could be the use of metal-containing pesticides and fertilizers in the agricultural area. Similar theories could explain the higher metal levels in lizards collected from Keys Marine Lab in this study.
Lizards as possible bioindicators
The results of this study demonstrate that brown anoles are suitable indicators of heavy metal contamination in southern Florida. Although one of the reference sites had higher contamination levels than anticipated, this indicates that areas that are considered reference sites may not always be true reference sites. That is, examining contaminants in lizards can be used as a diagnostic tool for determining whether sites are in fact relatively free from contaminants.
The gender differences found in this study indicate that both males and females must be collected. A few studies in South America, Asia, and Europe have shown that other species of lizards are suitable indicators of heavy metal pollution. Such examples include common wall lizards for lead in India [34] , Amerafrican house geckos for heavy metal pollution in India [27, 36] , starred agamas for heavy metal contamination in Greece [5] , and sand lizards, common wall lizards, common viviparous lizards, and slow worms (Anguis fragilis) for lead and cadmium in Germany [26, 27] . The advantages of using lizards in assessing the environmental impacts of pesticides and other chemical pollutants in sub-Saharan Africa and tropical, subtropical, and warm temperate countries is clear [37] . However, common viviparous lizards in England were not shown to be suitable indicators of heavy metal contamination [25] .
